The Drosophila NuMA Homolog Mud Regulates Spindle Orientation in Asymmetric Cell Division  by Bowman, Sarah K. et al.
Developmental Cell 10, 731–742, June, 2006 ª2006 Elsevier Inc. DOI 10.1016/j.devcel.2006.05.005The Drosophila NuMA Homolog Mud Regulates
Spindle Orientation in Asymmetric Cell DivisionSarah K. Bowman,1,4 Ralph A. Neumu¨ller,1,4
Maria Novatchkova,1,2 Quansheng Du,3
and Juergen A. Knoblich1,*
1 Institute of Molecular Biotechnology of the Austrian
Academy of Sciences (IMBA)
Dr. Bohr Gasse 3-5
2Research Institute of Molecular Pathology (IMP)
Dr. Bohr Gasse 7
1030 Vienna
Austria
3 Institute of Molecular Medicine and Genetics and
Department of Neurology
Medical College of Georgia
1120 15th Street
Augusta, Georgia 30912
Summary
During asymmetric cell division, the mitotic spindle
must be properly oriented to ensure the asymmetric
segregation of cell fate determinants into only one of
the two daughter cells. In Drosophila neuroblasts,
spindle orientation requires heterotrimeric G proteins
and the Ga binding partner Pins, but how the Pins-Gai
complex interacts with the mitotic spindle is unclear.
Here, we show that Pins binds directly to the microtu-
bule binding protein Mud, the Drosophila homolog of
NuMA. Like NuMA, Mud can bind to microtubules
and enhance microtubule polymerization. In the ab-
sence of Mud, mitotic spindles in Drosophila neuro-
blasts fail to align with the polarity axis. This can
lead to symmetric segregation of the cell fate deter-
minants Brat and Prospero, resulting in the misspeci-
fication of daughter cell fates and tumor-like overpro-
liferation in the Drosophila nervous system. Our data
suggest a model in which asymmetrically localized
Pins-Gai complexes regulate spindle orientation by
directly binding to Mud.
Introduction
Asymmetric cell division makes an important contribu-
tion to cell fate diversity in multicellular organisms (Bet-
schinger and Knoblich, 2004; Wodarz and Huttner,
2003). In asymmetric division, cells create an internal po-
larity axis and localize cell fate determinants to one pole.
Alignment of the mitotic spindle along the axis of polarity
causes the determinants to segregate into one of the
two daughter cells, making it different from its sibling.
How the mitotic spindle coordinates with the polarity
axis is unclear.
Drosophila neuroblasts are a well-studied model sys-
tem for asymmetric cell division (Karcavich, 2005; Maur-
ange and Gould, 2005). Neuroblasts undergo repeated
rounds of asymmetric division, generating a larger
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4 These authors contributed equally to this work.apical cell that retains neuroblast characteristics and
a smaller, basal ganglion mother cell (GMC) that divides
only once more to generate two neurons. During each
division, the cell fate determinants Numb (Rhyu et al.,
1994), Prospero (Hirata et al., 1995; Knoblich et al.,
1995; Spana and Doe, 1995), and Brat (Betschinger
et al., 2006; Lee et al., 2006b) segregate into the GMC
with the help of the adaptor proteins Miranda (Ike-
shima-Kataoka et al., 1997; Shen et al., 1997) and Pon
(Partner of Numb) (Lu et al., 1998). Asymmetric segrega-
tion of all of these proteins requires the PDZ domain pro-
teins Bazooka (Baz, the fly homolog of Par-3) (Schober
et al., 1999; Wodarz et al., 1999) and Par-6 (Petronczki
and Knoblich, 2001). Together with the kinase aPKC
(Rolls et al., 2003; Wodarz et al., 2000), they form the
Par complex, which is localized at the apical neuroblast
cortex. It is thought that aPKC phosphorylates and inac-
tivates the cytoskeletal protein Lethal (2) Giant Larvae
(Lgl) on the apical cell cortex (Betschinger et al., 2003).
Since Lgl is required for the cortical localization of cell
fate determinants (Ohshiro et al., 2000; Peng et al.,
2000), this could explain why the determinants concen-
trate at the basal side in a Par complex-dependent
manner.
In addition to Baz, Par-6, and aPKC, several other pro-
teins are part of the apical complex. The Armadillo re-
peat protein Inscuteable (Insc) binds to Baz and aPKC
(Schober et al., 1999; Wodarz et al., 1999). Its main func-
tion seems to be in spindle orientation since the ectopic
expression of Insc in epithelial cells can trigger a reorien-
tation of the spindle along the apical-basal axis (Kraut
et al., 1996). Insc, in turn, interacts with the N terminus
of Pins (Partner of Inscuteable), an adaptor protein
that contains three GoLoco motifs in its C terminus
(Schaefer et al., 2000; Yu et al., 2000). GoLoco motifs
are unique in their ability to bind heterotrimeric G protein
a subunits in their GDP bound form and catalyze the dis-
sociation of bg subunits in a receptor-independent man-
ner (Schaefer et al., 2001). Insc, Pins, and its binding
partner Gai, as well as the Par proteins, are all required
for apical-basal orientation of the mitotic spindle, sug-
gesting that the apical complex generates an attach-
ment site for astral microtubules to anchor the spindle
in an apical-basal orientation. Since the individual mem-
bers of the complex depend on each other for apical lo-
calization, it is not clear which complex member makes
the molecular link with spindle microtubules.
The role of heterotrimeric G proteins in spindle posi-
tioning is conserved in other organisms. During the first
division of the C. elegans zygote, the G proteins GOA-1
and GPA-16 (Colombo et al., 2003; Gotta and Ahringer,
2001) as well as two nearly identical GoLoco motif bind-
ing partners called GPR-1 and -2 (Gotta et al., 2003; Sri-
nivasan et al., 2003) are essential for posterior displace-
ment of the mitotic spindle. In this case, GPR-1 and -2
bind to LIN-5, a coiled-coil protein that is also required
for correct spindle positioning (Srinivasan et al., 2003).
Since LIN-5 localizes to the mitotic spindle (Lorson
et al., 2000), it is a good candidate for the molecule
that connects G proteins to the mitotic spindle in
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entation in vertebrates (Sanada and Tsai, 2005). They
bind to the vertebrate homolog of Pins, which, in turn, in-
teracts with NuMA (Du and Macara, 2004; Du et al.,
2001), a microtubule binding protein that is essential
for proper organization of the mitotic spindle (Fant
et al., 2004). NuMA can enhance microtubule polymeri-
zation (Du et al., 2002) and interacts with the minus
end-directed motor dynein (Merdes et al., 1996), and
both effects could provide a mechanistic explanation
for a potential role in spindle orientation. However, the
pleiotropic effects of NuMA in vertebrates and the lack
of invertebrate homologs have so far made it impossible
to directly address a requirement of NuMA for spindle
orientation. It was proposed that Insc might be a func-
tional NuMA homolog in flies, but the recent identifica-
tion of Insc homologs in C. elegans and mice make
this unlikely (Lechler and Fuchs, 2005; Zigman et al.,
2005). Here, we identify the Drosophila protein Mush-
room Body Defect (Mud) and the C. elegans protein
LIN-5 as sequence homologs of NuMA in invertebrates.
We show that Mud binds to Pins and Gai, and, like
NuMA, Mud can enhance microtubule polymerization.
mud mutants have defects in spindle orientation leading
to missegregation of cell fate determinants and failed
asymmetric divisions that produce excess neuroblasts.
Our results indicate that Mud closes the gap between
heterotrimeric G proteins and the mitotic spindle and
regulates spindle orientation in asymmetric cell division.
Results
Mud Is the Drosophila Homolog of NuMA
Pins and Gai are functionally conserved from C. elegans
to vertebrates. In vertebrates, they seem to connect to
the mitotic spindle via the microtubule binding protein
NuMA (Du and Macara, 2004), but so far no NuMA ortho-
log has been identified in invertebrate organisms. To
search for NuMA orthologs outside the vertebrate fam-
ily, we used a bioinformatics approach. NuMA is a tripar-
tite molecule containing an N-terminal CH (calponin ho-
mology) domain, a long coiled coil, and a C-terminal
region that binds Pins and microtubules (Du et al.,
2001; Haren and Merdes, 2002) (Figure 1A). Searching
protein databases with the noncoiled N- and C-terminal
regions identified clear homologs of NuMA in deuteros-
tomia, including the vertebrates mouse, zebrafish,
chicken, and frog, as well as in lower chordates and
sea urchin (Figure 1B; see also the Supplemental Data
available with this article online). Notably, analysis of
the multiple sequence alignment with Plotcon (Rice
et al., 2000) and Gblocks (Castresana, 2000) determined
that the region of highest conservation corresponds to
the Pins and microtubule binding sites in human NuMA.
To find more distant homologs, Hidden Markov
Models (HMMs) (Eddy, 1998) were derived from the N-
and C-terminal segments and were applied indepen-
dently in searches against protostomian proteomes, in-
cluding worm and fly (see Supplemental Data). From the
C. elegans proteome, the C-terminal HMM recovered
F01G10.05 and LIN-5. These proteins feature NuMA-
like domain architecture (Figure 1A) (Fischer, 2000),
and their high similarity suggests that they are paralogs.
F01G10.5 is uncharacterized, but LIN-5 binds GoLocomotif proteins and regulates spindle positioning during
C. elegans embryogenesis (Srinivasan et al., 2003). In
Drosophila, independent searches with the N- and C-
terminal HMMs recovered Mud as the only protein with
significant similarity to NuMA. Like in NuMA, the N-
and C-terminal regions of Mud are separated by a long
coiled coil (Figure 1A) (Guan et al., 2000). In addition,
Mud has a 500 amino acid C-terminal extension, a fea-
ture not present in the homologous proteins in Anophe-
les,C. elegans, or vertebrates. TheDrosophilamud gene
also codes for two shorter isoforms lacking the putative
Pins and microtubule binding regions (Guan et al., 2000),
but current EST data provide no evidence for such alter-
native splicing of NuMA in mice or humans (M.N., un-
published data). While the sequence similarity between
Mud and human NuMA in the N terminus is low (17%
identical, 35% similar), this region of Mud is predicted
to adopt a similar CH-like fold (Fischer, 2000). The se-
quence conservation in the C terminus is higher (27%
identical, 41% similar), with the highest similarity seen
in the region where Pins and microtubules bind to
Figure 1. Evolutionary Conservation of NuMA
(A) Shared molecular architecture of the NuMA sequence homologs
in human (H.s.), fly (D.m.), and worm (C.e.). Red boxes: CH domain.
Loops: coiled-coil segment, with the length indicated by numbers
near the underlying brackets. Orange ellipses: the highly conserved
C-terminal motif involved in Pins and microtubule binding. Shaded
orange: graded similarity extending from the ellipse region. Green
bar: the fragment of Mud cloned for Mud-C constructs. The percent-
age of sequence identity (% id) as well as sequence similarity (%
sim) are indicated for the N-terminal CH domain and the C-terminal
conserved motif.
(B) Phylogenetic analysis of NuMA homologs. A neighbor joining
tree based on a multiple sequence alignment of the N-terminal CH
domain of the two worm (C.e.) paralogs, LIN-5 and F01G10.05,
and the candidate NuMA orthologs in human (H.s.), mouse (M.m.),
chicken (G.g.), frog (X.l.), zebrafish (D.r.), sea urchin (S.p.), fly
(D.m.), and beetle (T.c.) is shown. Analysis was performed with
PHYLIP (see Supplemental Experimental Procedures).
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Gai
(A) Protein extracts (input) and immunopre-
cipitations (IPs) with anti-Gai antibody from
untransfected Drosophila S2 cells or cells
transfected with Myc-Mud-C. Myc-Mud-C
and Pins coprecipitate with Gai.
(B) GST-Pins coupled to glutathione Sephar-
ose beads can coprecipitate Mud-C, which
was in vitro translated in the presence of
35S-methionine.
(C) IP with anti-Pins antibody from an embryo
extract. Mud coprecipitates with Pins.
(D) IPs with anti-GFP antibody from S2 cells
transfected with Myc-Mud-C and either
Pins-TPR-GFP or GFP-Pins-GoLoco. Myc-
Mud-C coprecipitates with Pins-TPR-GFP,
but not with GFP-Pins-GoLoco.
(E) GST-Mud-C coupled to glutathione Se-
pharose beads coprecipitates His-tagged
human Pins-TPR.human NuMA. We conclude from these data that
F01G10.5, LIN-5, and Mud are the sequence homologs
of NuMA in C. elegans and Drosophila.
Mud Is Part of a Conserved Heterotrimeric Complex
To test whether the sequence similarity results in con-
served protein interactions, we checked if Mud, like
NuMA, is part of a ternary complex with Pins and Gai.
Similar to previous studies (Du and Macara, 2004; Du
et al., 2001, 2002), we used C-terminal truncations of
Mud (Mud-C) containing the putative Pins and microtu-
bule binding regions (Figure 1A). Gai complexes were
immunoprecipitated from S2 cells transfected with
myc-tagged Mud-C. In untransfected cells, Gai can
coprecipitate Pins. Upon transfection of Myc-Mud-C,
immunoprecipitation of Gai coprecipitates Pins and
Myc-Mud-C (Figure 2A). This suggests that Mud-C is in
a complex with Pins and Gai. To determine whether
Mud-C binds directly to Pins, we tested these proteins
in an in vitro binding assay. In vitro-translated Mud-C
can bind to bacterially produced GST-Pins, but not to
GST alone (Figure 2B), indicating that a Pins-Mud-C
complex can form in vitro without additional cofactors.
Consistent with this, Mud coimmunoprecipitates with
Pins from wild-type embryo extracts (Figure 2C). We
conclude that Mud binds to Pins by using a C-terminal
region and is part of a ternary complex with Gai.
Because NuMA binds to the N-terminal TPR repeats
of mammalian Pins (Du et al., 2001), we investigated
whether Mud behaves similarly in Drosophila. For this,
the N-terminal TPR and C-terminal GoLoco repeats of
Drosophila Pins were GFP tagged and expressed in S2
cells with Myc-Mud-C. Immunoprecipitation of GFP
shows that Myc-Mud-C binds to Pins-TPR-GFP, but
not to GFP-Pins-GoLoco (Figure 2D), indicating that
Pins binds to Mud by using the TPR repeats. Gai does
not bind to Mud-C in vitro (data not shown), but earlier
work shows that Gai directly binds to the C-terminal Go-
Loco repeats of mammalian and Drosophila Pins (Du
and Macara, 2004; Schaefer et al., 2001). Because
Mud, like NuMA, binds to the N terminus of Pins, thissuggests that the geometry of the heterotrimeric
NuMA-Pins-Gai complex is conserved in Drosophila.
The conserved C-terminal fragment of human NuMA
can interact with the TPR repeats of Drosophila Pins
(Du and Macara, 2004), so we tested whether Mud could
bind to human Pins. For this, His-HsPins-TPR and GST-
Mud-C fusion proteins were produced in bacteria and
used in an in vitro binding assay. His-HsPins-TPR binds
to GST-Mud-C, but not to GST alone (Figure 2E). The
binding of human Pins to Drosophila Mud argues for
the evolutionary conservation of this interaction. Taken
together, these results demonstrate that Mud is part of
a heterotrimeric complex that is highly conserved from
insects to vertebrates.
Mud Interacts with Microtubules
NuMA binds to microtubules and can stimulate their po-
lymerization (Du et al., 2002). To find out if Mud has sim-
ilar biochemical qualities, we tested whether Mud binds
microtubules in a microtubule sedimentation assay. In
this experiment, a soluble protein extract was created
from S2 cells transfected with Myc-Mud-C. Polymeriza-
tion of microtubules with GTP and taxol, followed by
high-speed centrifugation, separated microtubules and
microtubule binding proteins from the supernatant. As
expected, a-tubulin and the microtubule binding protein
Eb1 remain soluble in the absence of GTP and taxol
(Figure 3A). When microtubules are stabilized, however,
these proteins can be found in the microtubule pellet
along with Pins and Myc-Mud-C (Figure 3A). We con-
clude that Mud and Pins can associate with microtu-
bules. To test whether Mud, like NuMA, can stimulate
microtubule polymerization, we performed a solution
microtubule formation assay. Tubulin subunits labeled
with rhodamine were incubated in an energy-regenerat-
ing system with GST, with the GST-Mud-C fusion pro-
tein, or in buffer alone. After fixation of this preparation
to coverslips, the number of microtubules generated
was counted in ten random fields. The average number
of microtubules per field formed with GST or buffer
alone is less than 20 (18.5 6 1.0 and 8.6 6 0.6,
Developmental Cell
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(A) Microtubule sedimentation assay. Immu-
noblots of fractions from supernatant, S,
cushion, C, and pellet, P. S2 cells were trans-
fected with Myc-Mud-C, lysed, and incu-
bated on ice to depolymerize microtubules.
High-speed supernatant from the lysate (in-
put) was incubated in the presence or ab-
sence of taxol and GTP, then subjected to
centrifugation through a sucrose cushion.
With the addition of taxol and GTP, microtu-
bules and associated proteins separate into
a pellet. The pellet contains a-tubulin, Eb1,
Pins, and Myc-Mud-C.
(B) Representative fields from a solution mi-
crotubule formation assay.
(C) Quantification of solution microtubule for-
mation assays. Microtubules in ten micro-
scope fields were counted, and the average
number of microtubules per field is plotted.
The error bars are the standard error of the
mean.respectively), but when tubulin is incubated with GST-
Mud-C, the average number of microtubules formed in-
creases to over 100 per field (104.2 6 3.2; Figures 3B
and 3C). This shows that the interaction of Mud-C with
tubulin is direct, and, like NuMA-C (Du et al., 2002),
Mud-C can stimulate microtubule formation in vitro.
The interaction of Mud with microtubules together with
its membership in a ternary complex with Pins and Gai
strongly suggest that Mud is the functional homolog of
NuMA in Drosophila.
Mud Regulates Spindle Orientation in Larval
Neuroblasts
A Pins-Gai interacting protein that also binds microtu-
bules is a good candidate for a regulator of spindle ori-
entation in asymmetric cell division. To find out if Mud
controls spindle orientation, we analyzed larval neuro-
blast divisions in animals homozygous for mud4, a pre-
sumptive null allele affecting all Mud isoforms (Guan
et al., 2000). For this, we immunostained third instar lar-
val brains for Miranda and Centrosomin. Neuroblasts
were defined as Miranda-expressing cells greater than
10 mm in diameter (see Supplemental Experimental Pro-
cedures for details). In wild-type neuroblasts, Miranda
forms a crescent in metaphase, and it segregates into
a single daughter cell at telophase (Figures 4A–4C). In
mud zygotic mutants, the Miranda crescent can be bi-
sected by the cleavage plane and inherited by both
daughter cells (Figures 4D–4F) (see below). Missegrega-
tion of Miranda could be due to defective spindle orien-
tation, or it could be a secondary consequence of a gen-
eral loss of polarity. Alternatively, Mud could regulate
mitotic spindle morphology or formation. All mud mu-
tant neuroblasts form crescents of aPKC (n = 40; Figures
4J and 4K) and opposing crescents of Insc and Mi-
randa (n = 40; Figures 4H and 4I). Furthermore, spindles
in mud mutant neuroblasts appear bipolar with no grossmorphological differences from wild-type (Figures 4N
and 4O; see also Yu et al., 2006). From these data, we
conclude that mud mutants form functional spindles
and the neuroblasts are correctly polarized. Consistent
with this, Brat (Figures 4L and 4M) and Numb (data not
shown) form crescents in mud mutant neuroblasts, but
the spindle is not aligned with them. Therefore, the spin-
dle orientation defect is a direct consequence of Mud
loss of function. To quantify this defect, we measured
the angle between a line connecting the two centro-
somes and a line bisecting the crescent of Miranda in
metaphase neuroblasts (Figure 4G). A small angle indi-
cates tight coupling of the mitotic spindle with the po-
larity axis. In wild-type, the measured angle is almost
always less than 10º (90% of neuroblasts, n = 50). In
mud mutants, the majority of spindles show more obli-
que orientations (63%, n = 89), and only a minority of
spindles have measured angles of 10º or less (37%,
n = 89; Figure 4P). We conclude that Mud is required
for coordinating the mitotic spindle with the axis of
polarity. Together, these observations demonstrate
that mud mutant neuroblasts polarize correctly, but, in
the absence of Mud, the polarized cortical domains can-
not direct the orientation of the mitotic spindle. As a
result, cell fate determinants can fail to segregate
asymmetrically.
Mud Localizes to Spindle Poles and the Apical Cell
Cortex of Neuroblasts
To analyze Mud localization in asymmetric cell division,
we stained Mud in embryonic neuroblasts by using an
anti-Mud antibody (Yu et al., 2006). At neuroblast delam-
ination, Mud colocalizes with Pins on the apical cell cor-
tex (Figure 5A). This cortical localization is maintained
through interphase (Figure 5B), when alternative
methods of fixation also reveal a pool of Mud on the nu-
clear rim (data not shown, see also Yu et al., 2006). At
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735Figure 4. Spindle Orientation Defects in mud Mutant Neuroblasts
(A–C) Wild-type third instar mushroom body neuroblasts, stained with Miranda (green), Centrosomin (red), and phospho-Histone H3 (blue), have
Miranda crescents tightly aligned with centrosomes at (A) metaphase. From (B) anaphase through (C) telophase, Miranda segregates into a single
small daughter cell.
(D–F) Miranda crescents in mud mutant neuroblasts are mispositioned relative to the centrosomes at (D) metaphase. (E) Symmetric distribution
of Miranda begins in anaphase and occurs in 4% of the observed telophase neuroblasts. (F) Note the equal size of these daughter cells. Mush-
room body neuroblasts were identified by using OK107-GAL4-driven expression of CD8-GFP.
(G) Schematic for measurement of spindle orientation.
(H–K) Apicobasal neuroblast polarity is unaffected in mud mutants. Like (H and J) wild-type neuroblasts, (I) mud mutant neuroblasts generate
opposing crescents of Inscuteable (red) and Miranda (green), as well as crescents of aPKC (green) in (K) metaphase.
(L and M) The cell fate determinant Brat forms crescents that are not coordinated with the spindle in mud mutants.
(N and O) Mitotic spindles show no gross morphological defects in mud mutant neuroblasts.
(P) Quantification of spindle orientation. The plot is generated from a random sample of angles from wild-type or mud mutant neuroblasts mea-
sured as depicted in (G).
The scale bars in (A)–(O) are 5 mm.metaphase, when the spindle aligns with the apical cres-
cents of Mud and Pins (Figure 5C), Mud can also be ob-
served on spindle poles. At telophase, Mud preferen-
tially segregates into the neuroblast (Figure 5D). This
localization is consistent with recent work showing
that Mud decorates mitotic and meiotic spindle poles
and is required for positioning spindles in meiosis II
(Yu et al., 2006). Although Mud is expressed in larvalbrains (Figure S2), fixation conditions could not be found
for analyzing Mud localization in larval tissue. We con-
clude that Mud colocalizes with Pins on the cortex of
asymmetrically dividing neuroblasts.
To test if the localization of Mud depends on its bind-
ing partner Pins, we examinedpinsD50maternal and zy-
gotic mutant embryos. The apical enrichment of Mud is
lost in pins mutant neuroblasts in metaphase, and the
Developmental Cell
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(A–D) Embryonic neuroblasts stained for Mud
(green) and Pins (red). (A) Mud and Pins con-
centrate apically beginning at delamination.
Colocalization and apical enrichment is main-
tained through (B) interphase and (C) meta-
phase, when Mud decorates the spindle
poles. (D) Mud is inherited by the neuroblast
in telophase.
(E and F) The enrichment of Mud on the apical
cortex of (E) wild-type neuroblasts is lost in
(F) pins mutants.
(G and H) Mud (green) and Pins (red) localize
basolaterally in (G) wild-type epithelial cells.
(H) In the presence of Inscuteable, Pins and
Mud relocalize apically.
The scale bars in (A)–(H) are 5 mm.cortical association is weaker, but Mud remains associ-
ated with spindle poles (Figures 5E and 5F). To test
whether Pins is sufficient for directing apical localization
of Mud, we used transgenic inscuteable under the con-
trol of the hsp70 promoter to express Inscuteable in ep-
ithelial cells. Epithelial cells normally divide parallel to
the plane of the epithelium (Figure 5G). Introduction of
ectopic Inscuteable recruits Pins and Gai from the baso-
lateral to the apical cortex, inducing a spindle reorienta-
tion (Kraut et al., 1996; Schaefer et al., 2000). Mud is also
recruited apically and colocalizes with Pins (Figure 5H).
This suggests that Pins recruits Mud to the apical cortex
of epithelial cells in the presence of Inscuteable, and, by
extension, that Pins recruits Mud apically in neuroblasts.
We conclude from these experiments that Pins is re-
quired and sufficient for the apical recruitment of Mud,
but that the spindle pole localization of Mud is indepen-
dent of Pins. Both the apical localization of Mud and its
association with microtubules are consistent with a role
in spindle orientation.mud Mutant Brains Overproliferate Due
to an Increased Neuroblast Pool
Mud gets its name from defective formation of the
mushroom body, an adult brain structure required for ol-
factory learning and memory (Heisenberg, 1998; Tech-
nau and Heisenberg, 1982). The neurons forming the
mushroom body, called Kenyon cells, are generated
by four mushroom body neuroblasts that divide repeat-
edly throughout embryonic, larval, and pupal develop-
ment (Ito and Hotta, 1992). Mushroom body neuro-
blasts, like all neuroblasts in Drosophila, divide
asymmetrically to yield a GMC that produces two neu-
rons and a self-renewing neuroblast (Lee et al., 1999;
Rolls et al., 2003). Notably, wild-type mushroom body
neuroblasts form crescents of Miranda, which segre-
gate into a single small cell (Figures 4A–4C). This shows
that neuroblasts of this lineage segregate cell fate deter-
minants asymmetrically. In mud mutants, Miranda also
forms a crescent, but spindle misorientation leads to
missegregation of Miranda inw4% of mushroom body
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737neuroblasts (n = 80 telophase neuroblasts) (Figures 4D–
4F). We propose that the remaining neuroblasts divide
asymmetrically by repositioning either the spindle or
the cell polarity axis during telophase. A similar rescue
of defects during asymmetric cell division at late stages
of mitosis has been described for other mutants, where
it is called telophase rescue (Peng et al., 2000). Although
the vast majority of mud mutant neuroblasts still divide
asymmetrically, in those cells that inherit equal amounts
of Miranda, and presumably equal amounts of the apical
complex members known to regulate cell size asymme-
try (Cai et al., 2003; Fuse et al., 2003; Yu et al., 2003), the
daughter cell size is equal (Figure 4F). We conclude that
mushroom body neuroblasts segregate Miranda and
therefore its binding partners Brat and Prospero asym-
metrically, but faulty spindle orientation leads to occa-
sional missegregation in mud mutants.
Missegregation of cell fate determinants can result in
the transformation of GMCs to neuroblasts (Betschinger
et al., 2006). We therefore investigated whether symmet-
ric segregation of Miranda resulted in increased num-
bers of mushroom body neuroblasts in mud mutants.
For this, we used the mushroom body-specific GAL4
line OK107 and UAS CD8-GFP to label mushroom
body neuroblasts and their progeny (Lee et al., 1999),
and we immunostained for Miranda, which is present
in neuroblasts but rapidly degraded in GMCs. While
the number of mushroom body neuroblasts in wild-
type late third instar brains is always 4 (4.0 6 0.0, n = 6
mushroom bodies), the average number of mushroom
body neuroblasts in mud mutants is nearly 14 (13.6 6
1.5, n = 9 mushroom bodies; Figures 6A–6C). Neuroblast
number increases over time, as we observed an average
of around eight mushroom body neuroblasts in the early
third instar brains ofmudmutants (R.A.N and S.K.B., un-
published data). From these experiments, we conclude
that mud mutants generate excess mushroom body
neuroblasts, a conclusion consistent with an earlier
study (Prokop and Technau, 1994). We also observed in-
creased numbers of neuroblasts in the posterior half of
the larval brain hemisphere (wild-type 23.5 6 0.4, n = 6;
mud 61.1 6 7.7, n = 9; Figures 6D–6F), ventral nerve
cord, and the anterior brain regions of mud mutants
(data not shown). Ectopic neuroblasts inmudmutants ex-
press the neuroblast marker Deadpan (Figures 6G and
6H) and incorporate BrdU (Figures 6I and 6J), showing
that they are correctly specified and mitotically active.
In brat mutants, transformation of GMCs to neuro-
blasts leads to a decrease in the number of neurons
(Betschinger et al., 2006). To see if this is true for mud
mutants, we analyzed Kenyon cells in late third instar
larval brains by using OK107-GAL4-driven CD8-GFP to
mark the progeny of the mushroom body neuroblasts.
Wild-type larval brains contain around 500 Kenyon cells
(521.36 35.1, n = 3 mushroom bodies), but, in mud mu-
tants, the average number of Kenyon cells increases
(818.5 6 57.7, n = 3 mushroom bodies; Figure 6K). This
suggests that unlike in brat mutants, the ectopic neuro-
blasts in mud mutants produce ectopic progeny cells.
We propose that the penetrant symmetric division phe-
notype in brat mutants makes neuroblasts nearly in-
capable of producing GMCs, while the frequent asym-
metric divisions in mud mutants can still give rise to
differentiated progeny.To test whether the ectopic neuroblasts and progeny
cells develop normally, we investigated the morphology
of the mushroom body in mud mutant adults. During de-
velopment, repeated divisions of mushroom body neu-
roblasts sequentially generate three types of morpho-
logically distinct Kenyon cells. These neurons project
axons that form the characteristic lobed structure of
the adult mushroom body. Kenyon cells born from late
embryogenesis to the early third instar project their
axons into the g lobe, Kenyon cells born between early
third instar and puparium formation project branched
axons into the a0 and b0 lobes, and, finally, Kenyon cells
born after puparium formation project their branched
axons into the a and b lobes (Lee et al., 1999). Like larval
brains, mud mutant adult brains contain an increased
number of Kenyon cells (wild-type 1225 6 12, n = 3
mushroom bodies; mud 4362 6 176, n = 3 mushroom
bodies; Figure 6N) (Heisenberg, 1980; Prokop and Tech-
nau, 1994). The number of wild-type Kenyon cells is
lower than expected (Heisenberg, 2003), but OK107
may not detectably label every Kenyon cell. Interest-
ingly, while a small g lobe is present in mud mutants,
the ectopic Kenyon cells are unable to project axons
into the a0b0 or ab lobes (Figures 6L and 6M). The ab-
sence of these lobes could indicate a role for Mud in
axon guidance. Alternatively, the presence of the g
lobe suggests that Kenyon cells born early in develop-
ment, when the maternal supply of Mud is sufficient,
are correctly specified. Consistent with this, the mud
mutant g lobe expresses low levels of Fasciclin-II, as in
wild-type g lobes (data not shown; Crittenden et al.,
1998). At later stages, the reduced levels of Mud may
result in misspecification of the a0b0 and ab neurons,
resulting in an absence of projections. Taken together,
these observations suggest that in mud mutants, the
occasional transformation of a GMC into a neuroblast
causes overproliferation and cell fate misspecification.
Discussion
Orientation of the mitotic spindle along a predefined po-
larity axis is essential for the reliable partitioning of cell
fate determinants during asymmetric cell division. We
have identified Mud as a homolog of vertebrate NuMA
and a regulator of spindle orientation in Drosophila.
Mud binds to microtubules and forms a complex with
Pins and Gai. In mud mutant neuroblasts, the mitotic
spindle frequently fails to align along the axis of polarity.
This can cause symmetric segregation of cell fate deter-
minants and regulators of proliferation control at telo-
phase, resulting in overgrowth and malformation of the
adult brain. We propose that the function of Mud, the
Drosophila homolog of NuMA, is consistent with that
of a target of Pins-Gai in heterotrimeric G protein sig-
naling, and that Mud regulates spindle orientation in
asymmetric cell division.
G Proteins, Mud, and Spindle Orientation
The role of heterotrimeric G proteins in asymmetric cell
division is well studied in Drosophila (Betschinger and
Knoblich, 2004). In embryonic neuroblasts, G proteins
make three major contributions: (1) maintenance of the
apical localization of Inscuteable and the Par complex,
(2) regulation of spindle orientation at metaphase, and
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738Figure 6. Overproliferation in mud Mutant Brains
(A and B) Excess mushroom body neuroblasts in mud mutants. OK107-GAL4-dependent CD8-GFP expression marks the mushroom body line-
age (outline). In wild-type, four large mushroom body neuroblasts (arrowheads in [A0]), which express Miranda (red), weakly express CD8-GFP
(green), and do not express Prospero (blue), are in a cluster of Kenyon cells that express high levels of CD8-GFP. (B)mudmutant Kenyon cells do
not cluster on the surface as in (A) wild-type. The number of mushroom body neuroblasts > 10 mm in diameter is increased in mud mutant larvae.
(C) Quantification of mean mushroom body neuroblast number.
(D and E) Excess neuroblasts in the posterior brain hemisphere of mud mutants. Miranda (green)-positive, Prospero (red)-negative neuroblasts
> 10 mm in diameter are overrepresented in (E) mud mutant brains compared to (D) wild-type control. Note the strong overall Miranda expression
and increased brain size in mud mutants.
(F) Quantification of mean neuroblast number in the posterior brain hemisphere of third instar larvae.
(G and H) Excess neuroblasts in mud mutants express the neuroblast marker Deadpan.
(I and J) The number of neuroblasts incorporating BrdU is increased in mud mutant brains.
(K) mud mutant larval brains contain increased numbers of Kenyon cells.
(L and M) Mushroom body morphology in adult mud mutant escapers is defective. Green: OK107-GAL4-driven CD8-GFP. (L) The Kenyon cell and
calyx region (bracket), dorsal axonal projections (b and b0 lobes, blue outline), and medial axonal projections (a, a0, and g lobes, red outline) are
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739(3) generation of spindle asymmetry at anaphase. It is
thought that both free Gbg and Pins-Gai, as well as
Par complex members Baz and aPKC, have a role to
play in the control of spindle asymmetry (Cai et al.,
2003; Fuse et al., 2003; Yu et al., 2003). Whether G pro-
teins can directly regulate spindle orientation is less
clear because of the complexity of G protein pheno-
types. Misregulation of G proteins can cause Insc and
Par complex delocalization as well as spindle orienta-
tion defects (Cai et al., 2003; Fuse et al., 2003; Izumi
et al., 2004; Schaefer et al., 2001; Yu et al., 2003). As a re-
sult, it is difficult to determine whether it is actually G
proteins that are responsible for spindle misorientation,
or whether the orientation defect is a secondary conse-
quence of a general loss of polarity. mud mutants, how-
ever, show spindle misorientation without Insc or Par
delocalization. Since Mud binds to Pins and localizes
asymmetrically in neuroblasts, this suggests that Pins-
Gai regulates spindle orientation through its interaction
with Mud (Figures 7A and 7B).
In vertebrates, the Pins-Gai complex is proposed to
control the attachment of astral microtubules to the
cortex through its interaction with NuMA. This model
of spindle positioning is supported by an experiment
in which overexpressed Pins causes spindle rocking
movements that can be inhibited by coexpressing
a short fragment of NuMA or disrupting astral microtu-
bules with low concentrations of nocodazole (Du and
Figure 7. A Model for Mud Function in Asymmetric Cell Division
(A) Mud (blue) links Pins (yellow) and Gai (orange) to the astral micro-
tubules of the mitotic spindle. The spindle is misoriented in mud
mutants, but the polarity of Inscuteable (red) and Miranda (green)
is unaffected.
(B) Pins and heterotrimeric G proteins regulate spindle orientation,
cell size asymmetry, and the apical localization of Inscuteable and
the Par complex. Mud is required for spindle orientation, but not
for the other functions.Macara, 2004). In Drosophila, astral microtubules are
also important for spindle positioning. Mutations in cen-
trosomin and asterless prevent the formation of centro-
somes and astral microtubules, and neuroblasts in
these mutant backgrounds often fail to coordinate the
mitotic spindle with the crescent of cell fate determi-
nants at metaphase (Giansanti et al., 2001; Megraw
et al., 2001). Abolishing astral microtubules pharmaco-
logically produces similar results (Siegrist and Doe,
2005). We propose that Mud forms a complex with
Pins and Gai that regulates the attachment of astral mi-
crotubules to the cortex (Figure 7A), and that this regu-
lation is necessary for the mitotic spindle to assume
the correct orientation in asymmetric cell division. In
mudmutants, faulty microtubule-cortical attachment re-
sults in a failure to coordinate the mitotic spindle with
the axis of polarity. Accordingly, the spindle assumes
orientations that do not align with the crescents of Insc
and Miranda, and regulators of cell size as well as cell
fate determinants can be inherited symmetrically.
An Evolutionarily Conserved Protein Complex
Regulates Spindle Positioning
The identification of Mud and LIN-5 as NuMA homologs
indicates that three different model organisms use
NuMA-like proteins to regulate spindle movements. Dur-
ing the first division of the C. elegans zygote, the mitotic
spindle is set up along the A/P axis in the center of the
cell. In anaphase, the spindle rocks vigorously as the
posterior centrosome is displaced toward the posterior
cortex. Following this division, mitosis begins in the
daughter cells, which initially align their centrosomes
transverse to the A/P axis. However, the spindle in the
posterior cell eventually rotates 90º and orients along
the A/P axis. These spindle rocking and displacement
movements require the NuMA-like protein LIN-5. Be-
cause LIN-5 is found in a complex with the Pins-like
GoLoco motif proteins GPR-1 and GPR-2, and because
the phenotype of GPR-1/-2 loss of function is nearly
identical to that of LIN-5, it is thought that LIN-5 and
GPR-1/-2 act together to generate the forces required
for spindle rocking and spindle orientation in mitosis
(Srinivasan et al., 2003).
In rodents, NuMA, mammalian Inscuteable (mInsc),
and G proteins regulate spindle orientation in the asym-
metric division of self-renewing stem cells. Epidermal
stem cells localize mInsc, NuMA, and Pins to an apical
crescent and align the spindle parallel to the apical-
basal axis. If apical localization of Pins and NuMA is dis-
rupted, spindle orientation becomes randomized (Lech-
ler and Fuchs, 2005). In the developing neocortex, neural
progenitors divide with their spindles orthogonal to the
apical-basal axis for symmetric divisions and parallel
to this axis for asymmetric divisions. Reliable coordina-
tion of the spindle with the apical-basal axis during
asymmetric division requires mInsc, free Gbg, and the
Pins-like protein AGS3. If the function of any of these
proteins is compromised, asymmetric divisions fail be-
cause of misoriented spindles (Sanada and Tsai, 2005;visible in wild-type brains. (M) In mud mutants, the Kenyon cell and calyx region are larger (bracket), and only the medially projecting g lobe (red
outline) is present.
(N) Quantification of mean Kenyon cell number in adult brains.
Error bars are standard error of the mean. Scale bars are 10 mm in (A) and (B) or 50 mm in (D), (E), (G), (H)–(J), (L), and (M).
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740Zigman et al., 2005). Furthermore, NuMA and Pins can
create spindle-rocking movements during mitotis (Du
and Macara, 2004). In this work, we show that the
NuMA-like protein Mud forms a complex with Pins and
Gai and is required for spindle orientation in asymmetri-
cally dividing Drosophila neuroblasts. Taken together,
these studies strongly suggest that asymmetric cell
divisions in C. elegans, Drosophila, and vertebrates all
use NuMA-Pins-Gai complexes to regulate spindle
orientation.
Proliferation Control in Neuroblasts
In mud mutants, failure of asymmetric division leads to
an expansion of the neuroblast pool. This places mud
with lgl and brat in a class of genes in which zygotic
loss of function produces ectopic neuroblasts (Bet-
schinger et al., 2006; Lee et al., 2006a). Because of the
interaction of Pins with Mud, pins mutants could also
be expected to have defective spindle orientation and
symmetric divisions that produce two neuroblasts. Sur-
prisingly, pins mutant neuroblasts do not overprolif-
erate. In fact, they exhibit a mild underproliferation phe-
notype (Lee et al., 2006a).
How can we explain the difference in the proliferative
behavior of mud and pins mutant neuroblasts? First, we
cannot exclude the possibility that in addition to regulat-
ing spindle orientation, Mud directly inhibits prolifera-
tion by an unknown mechanism. Since the overprolifer-
ation in mud mutants is mild compared to that in lgl or
brat mutants (Betschinger et al., 2006; Lee et al.,
2006a, 2006b), this seems unlikely. Second, Pins could
be acting redundantly with Loco to regulate spindle ori-
entation, so a potential pins mutant overproliferation is
masked by the presence of Loco. Since Mud-C does
not bind to Loco under the same conditions with which
it binds to Pins (data not shown), the notion that Loco
substitutes for Pins by interacting with Mud is question-
able. Alternatively, the proliferative differences could be
explained by the localization of aPKC. A recent study in
larval neuroblasts suggests that inheritance of cortical
aPKC can confer the ability to self-renew (Lee et al.,
2006a). Since work in embryos has shown that Pins is re-
quired to maintain the apical localization of the Par com-
plex (Yu et al., 2000), it follows that in pinsmutant brains,
aPKC localizes weakly to the cortex and cytoplasm of
metaphase neuroblasts (Lee et al., 2006a). By contrast,
aPKC forms a cortical crescent in mud mutants. In this
model, pins mutant daughter cells inheriting cytoplas-
mic aPKC are more likely to exit the cell cycle, while, in
mud mutants, the daughter cells inheriting cortical
aPKC continue to proliferate as neuroblasts. Our data
neither prove nor disprove this hypothesis.
Like in Drosophila, genetic lesions affecting NuMA
cause overproliferation and cancer in humans. Acute
promyelocytic leukemia (APL) can be caused by a chro-
mosomal translocation that creates a NuMA fusion pro-
tein (Wells et al., 1997). Expression of this fusion protein
in mice causes a leukemia indistinguishable from human
APL (Sukhai et al., 2004). In addition, variations in the
NuMA gene region on chromosome 11 have been asso-
ciated with breast cancer susceptibility (Kammerer
et al., 2005). NuMA is part of a conserved heterotrimeric
complex that regulates spindle orientation, and, conse-
quently, the NuMA-like protein Mud can influence prolif-eration in the asymmetrically dividing and self-renewing
neuroblasts of Drosophila. In light of the cancer stem
cell hypothesis, which proposes that a small fraction
of cells in a tumor have the ability to proliferate and
self-renew (Al-Hajj and Clarke, 2004), the evolutionary
conservation of protein complexes that regulate spindle
orientation and proliferation suggests that Drosophila
neuroblasts are useful as a cancer stem cell model.
Experimental Procedures
Flies and Immunohistochemistry
The allele of mud used in this study is mud4, a presumptive null with
a nonsense mutation creating an early stop after the fifth amino acid
(Guan et al., 2000). mud4 hemizygotes and homozygotes were iden-
tified by selecting against an FM7-Kru¨ppel-GFP balancer chromo-
some (Barry Dickson). UAS-CD8-GFP (Bloomington Stock Center)
was expressed in the mushroom body by using OK107-GAL4 (Lee
et al., 1999). The pins D50 allele (Schaefer et al., 2000) and the
hsp70-Insc flies (Knoblich et al., 1999) are described elsewhere.
For immunofluorescence, third instar wandering larvae were dis-
sected in PBS, and brains with attached ventral nerve cords (or adult
brains) were fixed for 20 min in 5% PFA, 0.2% Triton X-100, then pro-
cessed as described (Betschinger et al., 2006). Embryos were fixed
in 8% PFA and processed as described (ibid). Samples were
mounted in Vectashield with DAPI (Vector Laboratories). The sec-
ondary antibodies used in immunofluoresence were coupled to
Alexa 488 (Molecular Probes), Cy3, or Cy5 (Jackson Immunofluores-
cence). Images were recorded on a Zeiss LSM510 confocal micro-
scope equipped with a blue diode laser to visualize DAPI for DNA.
See Supplemental Experimental Procedures for BrdU incorpo-
ration and additional imaging details.
Antibodies and Constructs
Antibodies used in this study were mouse anti-Pins (1:500; Schaefer
et al., 2000), rabbit anti-Pins (1:500; Schaefer et al., 2000), 9E10 anti-
myc (1:1000; 2 mg/ml stock), rabbit anti-Gai (1:100; Schaefer et al.,
2001), rabbit anti-GFP (1:1000; Abcam), mouse anti-His6 (1:1000;
Qiagen), mouse anti-a-tubulin (1:1000; Sigma), mouse anti-Eb1
(1:500; Subramanian et al., 2003), rabbit anti-Miranda (1:100; Bet-
schinger et al., 2006), mouse anti-Prospero (1:10; Developmental
Studies Hybridoma Bank), rabbit anti-Centrosomin (1:200; Heuer
et al., 1995), mouse anti-Inscuteable (1:200; Schaefer et al., 2001),
rat anti-Brat (1:100; Sonoda and Wharton, 2001), mouse anti-phos-
pho Histone H3 (1:1000; Cell Signaling Technology), rabbit anti-
PKCz/aPKC (1:200; Santa Cruz) rabbit anti-Mud (1:500; Yu et al.,
2006), mouse anti-BrdU (1:100; Sigma), guinea pig anti-Deadpan
(1:1000; J. Skeath, personal communication), and mouse anti-Elav
(1:30; Developmental Studies Hybridoma Bank). Mud-C transgenes
were generated by PCR from mixed stage cDNA with primers
containing attB recombination sites and including nucleotides
5551–6174 of the mud-RB coding sequence. Pins transgenes were
generated by PCR from EST LD35569 with primers containing attB
recombination sites and including nucleotides 1–1977 (full length),
1–1230 (Pins-TPR), and 1123–1977 (Pins-GoLoco) of the Pins-RA
coding sequence. PCR products were recombined into pDONR-221
(Invitrogen) and subsequently recombined into the following fusion
protein vectors containing attR recombination sites: pUAST-6x-myc
(N-terminal) (T.D. Murphy, personal communication), pUAST-EGFP
(N- or C-terminal; F. Wirtz-Peitz and A. Martinez Arias, personal
communication), pDEST-15 (N-terminal GST, Invitrogen), pDEST-17
(N-terminal His6, Invitrogen). His-HsLGN-TPR (1–373) is described
elsewhere (Du et al., 2002).
Transfection, Immunoprecipitation, and In Vitro Binding Assays
S2 cells were propagated in Schneider’s medium (GIBCO-BRL) with
10% fetal calf serum, 50 U ml21 penicillin, and 50 mg ml21 strepto-
mycin. UAS constructs were expressed by cotransfection with ac-
tin-Gal4 (a gift from Talia Volk) by using Cellfectin (Invitrogen). Cells
were collected in lysis buffer (25 mM HEPES [pH 7.5], 150 mM NaCl,
0.5% or 1% Triton X-100, 0.5 mM EDTA, 5 mM MgCl2, 1 mM DTT,
1 mM PMSF, and Complete EDTA-free protease inhibitors [Roche]).
Immunoprecipitations were carried out for 1 or 2 hr at 4ºC by using
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741protein A Sepharose (Amersham). For IP from embryo extract, 0- to
7-hr-old embryos were homogenized in lysis buffer and processed
as described above. GST, GST-Pins (full length), and GST-Mud-C
were expressed at 37ºC in BL-21 cells by induction with 1 mM
IPTG and were purified by using glutathione Sepharose (Amersham).
35S-Mud-C was produced by using an in vitro transcription and
translation kit (Promega). Binding assays were performed by using
glutathione Sepharose (Amersham) in binding buffer (50 mM HEPES
[pH 7.5], 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, and 0.1% or 0.01%
Tween-20) with incubation for 1 hr at 4ºC.
Microtubule Assays
Microtubule sedimentation assays were performed essentially as
described (Cullen et al., 1999), with some modifications. S2 cells
transfected with pUAST Myc-Mud-C were lysed in extraction buffer
(13 PEM, 2.5 mM MgSO4, 1 mM PMSF, 1 mM DTT, and Complete
EDTA-free protease inhibitors [Roche]). The lysate was incubated
on ice for 10 min, spun at 20,000 3 g at 4ºC for 30 min to remove
cell debris, and then spun at 140,000 3g at 4ºC for 30 min to yield
a supernatant of soluble proteins. A final concentration of 20 mM
taxol (Paclitaxel, Sigma) and 1 mM GTP was added before incuba-
tion at room temperature for 30 min to polymerize microtubules.
The microtubules and associated proteins were pelleted by room
temperature centrifugation at 80,000 3 g for 30 min, through
a 30% sucrose cushion in extraction buffer supplemented with
20 mM taxol and 1 mM GTP. The microtubule fraction was collected
in one-tenth the volume of the cushion and soluble protein fractions.
Solution microtubule assays were performed as described (Du
et al., 2002).
Supplemental Data
Supplemental Data include bioinformatics methods, alignments,
and imaging methods and are available at http://www.
developmentalcell.com/cgi/content/full/10/6/731/DC1/.
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